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Reduction of laser beam spray at 0.527 ym in an ignition scale length plasma with
temporal beam smoothing

C. Niemann, L. Divol, D.H. Froula, S.H. Glenzer, G. Gregori, R.K. Kirkwood,

A. J. MacKinnon, N.B. Meezan, J.D. Moody, C. Sorce, and L.J. Suter
Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94550

R. Bahr and W. Seka
Laboratory for Laser Energetics, 250 E. River Road, Rochester, NY 14623

We have measured the effect of laser smoothing by spectral dispersion (SSD) on beam spray,
transmission and deflection of a 2w (527 nm) high intensity (10'® W/cm?) interaction beam through
an underdense large scale length plasma. We observe a 40% reduction of the beam spray when SSD
is used, consistent with modeling by a fluid laser-plasma interaction code (pF3d). We measured a
decrease in beam transmission with increasing laser intensity, consistent with the onset of parametric

instabilities.

PACS numbers: 52.38.-r, 52.38.Hb, 52.38.Dx, 52.35.Mw

Indirect drive inertial confinement fusion in laser fa-
cilities such as the National Ignition Facility (NIF) re-
quires a highly symmetric illumination of the hohlraum
walls that enclose the ignition capsule [1]. As the laser
beams propagate through the gasfilled hohlraum a large
scale length plasma is formed. Absorption and paramet-
ric scattering processes in the large scale length plasma
reduce the effective laser energy on the hohlraum wall.
Plasma induced beam deflection and spray due to self-
focusing and filamentation influence the intensity distri-
bution of the laser beams and can have important effects
on x-ray drive, capsule symmetry and hence fusion yield
2, 3].

Most previous experiments on laser plasma interac-
tions related to inertial fusion have concentrated on fre-
quency tripled light (3w, 351 nm) [4-14]. Frequency-
doubled light (2w, 527 nm) is also being explored as a
higher gain option for indirect-drive ignition because of
the possibility of extracting more laser energy [15]. Un-
derstanding beam transmission and spray at 2w is there-
fore crucial to assess 2w ignition experiments and to de-
velop predictive laser plasma interaction capabilities.

In this letter, we show that temporal beam smooth-
ing by spectral dispersion (SSD) considerably reduces the
spray of a green (0.527 pm) high intensity laser beam in
a large scale length laser produced plasma. Angularly
resolved beam transmission measurements demonstrate
that spray strongly depends on the laser intensity and
that the fraction of laser energy inside the original f-cone
of the beam can be increased by a factor of 1.7 with tem-
poral smoothing. We obtain a good quantitative agree-
ment with modeling by a fluid laser-plasma interaction
code (pF3d) both in terms of the absolute beam trans-
mission and beam spray.

The experiments were performed at the Omega laser
facility [16] using a 2w interaction beam [17] and the
transmitted beam diagnostic (TBD) that was commis-
sioned for the experiments described here. The large
scale length plasma is created by heating a 2.4 mm

by 2.75 mm gasbag target [7] with 39 defocused heater
beams at 3w, delivering a total energy of 10.5 kJ in
a 1 ns square pulse. The hydrocarbon gas filling of
the gasbag to about 1 atm results in an electron den-
sity (ne) around 14% of the critical density for 527 nm
light (ne =5.5-10%" em™3). This corresponds to the
current 2w NIF hohlraum design gas density [15]. The
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FIG. 1: Setup of the transmitted beam diagnostic at the
Omega target chamber and the mechanical arm that holds
the 4% reflector near the target.

heater beams are distributed in 6 different cones on
both sides of the target in order to provide maximum
symmetry. Gated x-ray images of the heated bag and
Thomson-scattering measurements show that a homoge-
neous plasma is formed after a few 100 ps within two
blast waves moving inward due to the ablation of the
polyimid skin of the bag [18].

The 1-ns-long probe beam has a variable energy be-
tween 20 J and 400 J and is spatially smoothed with a
distributed phase plate giving a vacuum spot diameter
of about 200 ym and an intensity up to 10'®> W/cm?2. It
turns on 500 ps after the start of the heater beams. The



beam can further be temporally smoothed by spectral
dispersion [19] by applying an oscillating RF field to an
electro-optic crystal that modulates the phase of the seed
laser pulse. This adds up to 11 A bandwidth (at 1w) to
the narrow linewidth of the laser which is then dispersed
with a grating.

The TBD consists of a fused silica curved 3” diame-
ter bare-surface reflector, mounted 23 cm behind target
chamber center (tcc) on a remote controlled diagnostic
arm installed in one of the target insertion modules. The
mirror collects and reflects transmitted light within twice
the £/6.7 cone of the original beam through a window to
a detector assembly outside the vacuum chamber (Fig.
1). The concave mirror (R=37 cm) focuses the diver-
gent beam behind the target to a focus inside the vac-
uum chamber and produces a divergent f/13 beam with
a diameter of 3.8 cm at the chamber port. An aspheric
lens images the TBD collection mirror onto a Lambertian
diffuser plate with an optical magnification of 1.7:1. A
second 4% splitter reflects a small fraction of the beam
onto the diffuser plate, while the remaining beam energy
is measured in a full aperture calorimeter filtered for 2w
light (Fig. 1).

Time integrated two-dimensional near-field images of
the transmitted light on the diffuser plate are recorded
with a CCD camera through a 2w bandpass filter (10
nm FWHM). The images show the intensity distribution
on the mirror behind the target within 8.5° around the
beam axis (twice the inital £/6.7 cone) and are used to
measure beam spray and deflection. A fast photodiode
(5 GHz bandwidth) records the temporal pulseshape of
the transmitted light at 52745 nm. All three detectors
are absolutely calibrated in situ using a low energy (20
J) 2w laser beam [Fig. 2(a) (III)] to allow independent
measurements of the total transmitted energy. The TBD
was used in combination with a full aperture backscatter
diagnostic and a near backscatter imager [17, 20] which
measured stimulated Brillouin and Raman backscattered
light into or around the focusing lens.

Figure 2(a) shows measured near-field images of the in-
teraction beam for various intensities. At an intensity of
~ 10*® W/em?, the beam exhibits a large spray outside
the initial £/6.7 cone (dashed inner circle) reaching the
edge of the TBD mirror (dotted outer circle). When 11 A
SSD is applied, the beam spray is reduced considerably
(IT). As a reference, Fig. (III) shows a low intensity cali-
bration shot without plasma where the beam stays within
the £/6.7 cone. At an intensity of ~ 5-10'* W/cm?, beam
spray is still visible (IV). Both 5 and 11 A SSD provides
a similar reduction in spray (V). At much lower intensity
(1.5-10* W/cm?), beam spray becomes negligible (VI).

Averaged radial intensity profiles [Fig. 2(b)] around
the center of the deflected beam quantify the fraction of
energy inside a solid angle defined by its half-cone angle
¢. Figure 2(c) shows the fraction of transmitted energy
inside the original £/6.7 cone as a function of intensity and
temporal smoothing. At the highest intensities, only a
third of the energy of the unsmoothed beam is contained
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FIG. 2: (a) Near-field images of a 10*® W/cm? interaction
beam without (T) and with 11 A SSD (IT). (IV) and (V) are the
corresponding images for a lower intensity of 5-10* W/cm?.
We also show a low intensity (1.5 - 10'* W/cm?) shot with 5
ASSD (VI) and a low energy calibration shot without plasma
(III). The cross defines the center of the TBD mirror while the
dashed circle represents an /6.7 cone (4.3°) around the trans-
mitted beam centroid. (b) Fraction of beam energy within the
angle ¢ around the beam center corresponding to Fig. (I), (II)
and (VI). (c) Fraction of energy inside the initial {/6.7 cone
as a function of beam energy and temporal smoothing and
comparison with the modeling. The lines are simple fits to
the data.

inside the £/6.7 cone . With SSD it increases to 50%,
reaching more than 80% for lower intensities (1.5 - 1014
W /em?). At high intensities, when the beam spray is
large enough to exceed the /3.3 TBD collection mirror,
a smooth fit to the wings of the intensity profile is ap-
plied to estimate the beam intensity distribution outside
the mirror (¢ > 8.6°). For an unsmoothed beam at 105
W /cm? roughly 20% of the beam energy is outside the
collection mirror. The error bars indicate the variation
of beam spray for different directions (horizontal to ver-
tical) due to the asymmetry of the spray. Figure 2(c)
shows that for our plasma conditions, the spray of the
2w interaction beam is controlled by either reducing its



intensity or adding up to 11 A of SSD bandwidth. Fig-
ure 2(a) also shows a small deflection of the beam of the
order of =1 degree to the right.
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FIG. 3: Beam propagation simulated by pF3d at an intensity
of 610" W/cm? without (b) and with 11 A of SSD (c). The
color bar units are log(I/Iy), where I is the average beam
intensity. Also shown in (a) are the calculated ne/n. (solid
line), T. (dotted, in units of 10 keV) together with the corre-
sponding absorption of the beam by inverse bremsstrahlung
(dashed, arbitrary units).

Two-dimensional (2D) cylindrical hydrodynamic sim-
ulations done with the code HYDRA [21], using a real-
istic beam pointing and focusing, give the evolution of
the plasma density and temperature. A peak electronic
temperature T, = 1.8 — 2 keV is predicted in the 2 mm
long density plateau (n. ~ 5.5 -10%° cm~3). A simple re-
fraction calculation was used to determine the deflection
angle (defined as the angle between the center of the TBD
mirror and the beam centroid viewed from tcc)

1
a= /ds@vtn(s), (1)

path

where n(s) is the refractive index along the laser path
s and V¢n(s) the refractivity gradient perpendicular to
the path. Using the calculated density profile and the
actual interaction beam pointing (offset 200 pm from tcc)
Eq. (1) predicts a 1.5° deflection of the beam to the
right (in the coordinate system of Fig. 2(a), in good
agreement with the measured deflection between 1 and
1.7° to the right. No additional deflection was observed
with increasing intensity, which is consistent with the
negligible transverse flow in these targets [22].
Hydrodynamic profiles at 0.8 ns and 1.2 ns (the inter-
action beam is on from 0.5 ns to 1.5 ns) were used as input
for more detailed laser-plasma interaction simulations,
using pF3d [23]. The calculations include a coupled-wave
model of backscattering instabilities with a nonlinear hy-
drodynamic module and a model for nonlocal heat con-
duction [23]. Ponderomotive and thermal filamentation

are thus naturally present, driving density perturbations
resulting in refraction, diffraction and beam spray. The
simulations were done in a 2D-planar geometry, using the
measured focal spot shape and a realistic model of spatial
and temporal smoothing.

The calculated beam spray is shown in Fig. 2(c). The
error bars correspond to the uncertainty in plasma pa-
rameters from the HYDRA simulations (by comparing
various heat conduction models) and their evolution be-
tween 0.8 and 1.2 ns. The threshold and increase in beam
spray with intensity is well reproduced, as well as the
strong beneficial effect of temporal smoothing.

Figure 3 shows the propagation of the interaction beam
through the plasma. Most of the filamentation and spray
occurs in the blast wave first traversed by the interaction
beam, around z=0.7 mm. In this short (200 pm) and
dense (ne ~ 10%! cm~?) [Fig. 3(a)] plasma, a significant
fraction of the speckles generated by the phase plate are
above their critical power for self-focusing when the av-
erage intensity reaches 2 —3- 10 W .cm™2, consistent
with the onset of beam spray seen in Fig. 2(c).

Thermal filamentation contributes also to the beam
spray. A simulation where thermal effects are turned
off and only ponderomotive filamentation is considered
[Fig. 2(a)(IV)] shows 50% of the energy inside the £/6.7
cone versus 40% when thermal effects are included. In-
deed, the electron mean free path in the blast wave is
Aei &~ 8 um, comparable to a speckle width 2fA\g = 6 um,
which suggests that heat conduction will not smooth out
temperature (and therefore density) perturbations. It
should be noted that at the highest intensity, the max-
imum local temperature perturbation reaches 67, /T, =
0.35, certainly close to the limit of validity for pF3d’s
(linear) nonlocal heat conduction model. Also, these 2D
simulations could overestimate the beam spray, as the
lost transverse degree of freedom confines the plasma and
limits heat conduction, leading to larger density and tem-
perature perturbations. Three dimensional simulations
of these large targets are not practical with current com-
puters. As the filamentation is mainly ponderomotive at
high intensity, the simulation remains in good agreement
with the experiment.

In order to assess the efficiency of SSD in reduc-
ing beam spray, we estimate the time a speckle needs
to create a density hole to be the transit time of
an ion acoustic wave traveling at the speed of sound
(cs = [(ZTe + 3Ti)/M}l/2 ~ 0.4 pym - ps~* for our plasma
conditions, where Tj is the ion temperature, Z the ion
charge state and M its mass) through an f/6.7 speckle
Tirans = fAo/Cs = 9 ps. This can be compared with
the lifetime of a speckle, given by the laser correlation
time Thorr = 27/Awssp = 3.4(1.7) ps for 5 (11) A of
SSD bandwidth at 1.053 pm. This is consistent with the
strong reduction of beam spray measured when several
A of SSD bandwidth are used as Teopr becomes much
shorter than Ty.qns.

Besides beam spray, the TBD measures the absolute
interaction beam transmission. It decreases with inten-



sity from ~20% at 1.5 - 10 W/cm? to ~6% at 105
W/cm? (Fig. 4). The error bars indicate the varia-
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FIG. 4: Measured beam transmission as a function of intensity

with and without SSD (circles) and comparison with pf3d
calculations (boxes).

tion of experimental results obtained independently with
the calorimeter, the diode and the CCD camera and in-
clude the intrinsic precision of each instrument. We find
that the measured transmitted energy fraction of the 2w
beam is independent of SSD. The (time-averaged) inverse
bremsstrahlung absorption calculated with HYDRA is
~ 0.75 — 0.85, in agreement with the measured trans-
mission at low intensity. Figure 4 shows that pF3d also
reproduces the decrease of the transmission with increas-
ing intensity. This is due to stimulated Raman backscat-
tering (SRS) originating from the density plateau, of up
to 30% for the highest intensity. The SRS threshold is
found around 10'* W - cm ™2, leading to the large error of

4

30% in the calculated transmission around this intensity.

The full aperture backscatter measurements [20] of
Brillouin and Raman backward scattered light show only
modest amounts of SRS (well below 30%), as strong re-
absorption occurs in the blast wave [20]. While SSD
strongly reduces the beam spray, it only marginaly af-
fects SRS, as the instability develops on a much faster
time scale (< 1ps) than filamentation (=~ 10 ps). At the
highest intensities around 10'® W/cm? where the beam
spray is large enough to exceed the /3.3 TBD collection
mirror the total beam transmission can be up to 20%
higher than the measured value, which is within the er-
ror bars of the measurement.

In summary we have measured a reduction by a factor
of 1.7 of the spray of a green high intensity laser beam
in an ignition scale plasma when SSD is used, which is
consistent with fluid laser plasma interaction modeling.
We have shown that the spray of the 2w interaction beam
is controlled by either reducing its intensity or adding
up to 11 A of SSD bandwidth. At the same time, we
observe a reduction of total beam transmission from 20%
at low intensities to only 6% at 101® W /cm?, which is well
reproduced by our modeling.
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